Cyclin B3 evolution has the unique peculiarity of an abrupt 3-fold increase of the protein size in the mammalian lineage due to the extension of a single exon. We have analyzed the evolution of the gene to define the modalities of this event and the possible consequences on the function of the protein. Database searches can trace the appearance of the gene to the origin of metazoans. Most introns were already present in early metazoans, and the intron-exon structure as well as the protein size were fairly conserved in invertebrates and nonmammalian vertebrates. Although intron gains are considered as rare events, we identified two cases, one at the prochordate-chordate transition and one in murids, resulting from different mechanisms. At the emergence of mammals, the gene was relocated from chromosome 6 of platypus to the X chromosome in marsupials, but the exon extension occurred only in placental mammals. A repetitive structure of 18 amino acids, of uncertain origin, is detectable in the 3,000-nt mammalian exon-encoded sequence, suggesting an extension by multiple internal duplications, some of which are still detectable in the primate lineage. Structure prediction programs suggest that the repetitive structure has no associated three-dimensional structure but rather a tendency for disorder. Splice variant isoforms were detected in several mammalian species but without conserved pattern, notably excluding the constant coexistence of premammalian-like transcripts, without the extension. The yeast two-hybrid method revealed that, in human, the extension allowed new interactions with ten unrelated proteins, most of them with specific three-dimensional structures involved in protein-protein interactions, and some highly expressed in testis, as is cyclin B3. The interactions with activator of cAMP-responsive element modulator in testis (ACT), germ cell-less homolog 1, and chromosome 1 open reading frame 14 remain to be verified in vivo since they may not be expressed at the same stages of spermatogenesis as cyclin B3.
Introduction
Cyclins are the regulatory subunits of protein kinases, thus called cyclin-dependent kinases (Cdks), which were first discovered as the main regulators of eukaryotic cell division (see Doree and Hunt 2002 for review) . Binding of newly synthesized cyclin activates the enzymatic activity of the kinase, to promote entry into M-phase, and then proteolytic degradation of the cyclin shuts down the activity, allowing M-phase exit. A single mitotic Cdk, as Cdk1, can bind different cyclins according to the phase of the cell cycle and thus be involved in different regulations, such as DNA synthesis with cyclin A and mitosis with cyclin B. Cyclins modulate the substrate specificity of the kinases (Miller and Cross 2001) and also their intracellular localization through nuclear and cytoplasmic transfer or retention signals (Pines 1999) . Several Cdks and numerous cyclins are now known to regulate all the steps of the cell cycle but also RNA transcription, splicing, and translation (see Satyanarayana and Kaldis 2009 for review) . Cyclins have distinctive features, such as a stretch of about 150 amino acids termed "cyclin box" involved in Cdk binding (Kobayashi et al. 1992) , which make them easily recognizable in whole-genome sequence data. At least 29 proteins with a cyclin box domain are known in mammals (Malumbres and Barbacid 2005) . Although they are referred as cyclins, some of them have no identified Cdk partner and, for most of them, it is not known if they are periodically synthesized and destroyed.
Cyclin B3 was initially discovered in a chicken cDNA library (Gallant and Nigg 1994) . Although closer to B-type cyclins according to amino acid sequence comparisons, it also displays properties of A-type cyclins, such as a nuclear localization during interphase. It was later detected in Caenorhabditis (Kreutzer et al. 1995) , Drosophila (Sigrist et al. 1995) , and human (Lozano et al. 2002; Nguyen et al. 2002) , and it is now identified in most sequenced metazoan genomes. It is now clear that cyclins B3 form a family distinct from A and B cyclins, since they share more sequence similarity with cyclin B3 of other species than with cyclins B of their own species (Nieduszynski et al. 2002; Gunbin et al. 2011) . A first noticeable feature is that no species has more than one cyclin B3 gene, whereas the number of A-or B-type cyclins has been increasing during evolution, with two cyclins A and two to four cyclins B in vertebrates. Since cyclin B3 is present from lowest invertebrates to mammals, it would be expected to have a fixed and essential function, but research in different species has instead shown striking differences. In Drosophila, the first studies demonstrated a mitotic role for cyclin B3, in coordination with cyclins A and B (Sigrist et al. 1995; Sigrist and Lehner 1997) . During embryonic mitosis, the three cyclins were found associated with Cdk1, in similar amounts, and their sequential destruction was necessary for mitotic progression and exit. In Caenorhabditis embryo, cyclin B3 was also found to be associated with Cdk1, with associated H1 kinase activity, had a similar temporal and spatial expression as B cyclins, and was found to be involved in mitotic progression (van der Voet et al. 2009; Deyter et al. 2010) . In vertebrates, on the contrary, no similar implication of cyclin B3 in embryonic mitosis has been found, with cyclin B3 mRNA levels 10-fold lower than cyclin A and 50-fold lower than cyclin B, in eight-cell human embryo (Kiessling et al. 2009 ). However, high levels of expression are detected during spermatogenesis in zebrafish (Ozaki et al. 2011) , eel (Kajiura- Kobayashi et al. 2004) , mouse (Nguyen et al. 2002) , and in human testis (Lozano et al. 2002; Nguyen et al. 2002) . In these cases, there are no indication of association of cyclin B3 with Cdk1, but, in human, an in vitro association with Cdk2, without associated H1 kinase activity, was reported (Nguyen et al. 2002) . Experimental modifications of cyclins expression in invertebrates revealed a redundant function of cyclins B and B3 in mitosis but specific effects during meiosis. In Drosophila, null mutation of the cyclin B3 gene prevents correct achievement of oocyte meiosis, whereas cyclin B mutation also impairs spermatogenesis (Jacobs et al. 1998) . In Caenorhabditis also, inhibition of cyclins by RNAi demonstrates that cyclin B3 is necessary for achievement of oocyte meiosis, through its implication in spindle assembly checkpoint (van der Voet et al. 2009; Deyter et al. 2010) . A recent study in mouse showed that cyclin B3 is not only involved in male meiosis but is also specifically expressed in female germ cells entering meiosis, at the end of the proliferation phase (Miles et al. 2010) . Curiously, there are also reports of high cyclin B3 expression during neurogenesis: in Drosophila neuroblasts (Jacobs et al. 1998) and Xenopus embryo neural plate (Ueno et al. 2008) .
These exceptionally different uses of cyclin B3 in the various animal lineages raise interest for a careful examination of the evolution of this gene. Of special interest is the 3-fold increase of the size of the protein in mammals, due to the extension of a single exon to a length of about 3,000 nt. This abrupt change is interesting to correlate with the early evolution of mammals, from egg-laying monotremes, to marsupials, and then placental mammals. This period of evolution also coincides with the apparition of the sex chromosomes, and the cyclin B3 gene is located on the X chromosome in higher mammals. This may have consequences on the expression of the gene, due to inactivation of the genes of one X chromosome (reviewed in Payer and Lee 2008) , whereas the number of gene copies seems to be important as experimental alteration of the number of copies of the cyclin B3 gene in Caenorhabditis has shown the appearance of toxic effects above two copies (Tarailo-Graovac et al. 2010) .
Several splice variants of the cyclin B3 gene have been described in humans (Lozano et al. 2002) . This process is known to expand the repertoire of transcripts from a single gene (see Nilsen and Graveley 2010 for review) . It occurs in the expression of several human cyclins, giving proteins with different properties, and is frequently associated with cancer (Van Dross et al. 2006) . Thus, it is interesting to check the existence of alternative transcripts in different species and look at the conservation of the intron-exon structure of the cyclin B3 gene for changes in alternative splicing opportunities.
This work was intended to precise cyclin B3 apparition, evolution of intron-exon structure, chromosomal relocation, and exon extension at the emergence of mammals. The possible changes linked to the extension were looked for by structure analysis, checking for retention or deletion in splice variants, and apparition of new interactions by the yeast two-hybrid system.
Materials and Methods

Biological Materials
For brushtail possum (Trichosurus vulpecula), platypus, pig, horse, and mouse, RNA was extracted from testis. Canine RNA was extracted from MDCK, a kidney cell line provided by Dr R. Guyon (IGD, Rennes). Platypus RNA and genomic DNA were provided by Dr J. Deakin (Australian National University, Canberra, Australia). The different cDNAs were synthesized with Powerscript reverse transcriptase (Clontech, Saint Germain-en-Laye, France).
cDNA Cloning Based on published sequences, which share high homologies with human cyclin B3: 1 dog EST (gi: 23 706 478), 1 pig EST (gi: 59 828 965), and 1 mouse partial mRNAs (AJ416459) were found on GenBank. All these fragments were amplified by polymerase chain reaction (PCR) and resequenced. These sequences were rapid amplification of cDNA ends (RACE) extended in both directions (Smart RACE cDNA amplification kit, Clontech) to get their full-length cyclin B3 cDNA.
For isolation of fragments of cyclin B3 orthologs from other species, we designed degenerate PCR primers corresponding to evolutionally conserved peptides: CPPCVDD and ICEMTLQE (size 215 bp) for horse, EVQENFE and YICDDA (size 200 bp) for possum, and CPPCVDD ET FDINIP for platypus (size 119 pb). PCRs were performed on cDNA and the PCR products were sequenced, and new primers were designed to get the full-length cDNA by RACE extension.
To look for cDNA coding for short isoforms of cyclin B3 in mouse, horse, pig, and dog, we used primers designed to encompass the ATG and STOP codons deduced from the sequences of long isoform coding cDNA and performed PCR with the different cDNA. PCR products, which size were lower 3856 Lozano et al. . doi:10.1093/molbev/mss189 MBE to known ones, were gel purified, cloned into pGEM-T (vector system 2; Promega), and sequenced.
For possum germ cell-less homolog 1 (GMCL1) cloning, two degenerate primers corresponding to evolutionally conserved peptides, EIPDQNID and DQEQVVMN, gave a PCR product, and from its sequence new primers were used to extend in both directions. The sequence is incomplete compared with other known GMCL1 (75 AA N-ter).
To clone possum FLH5, we used two primers encompassing the cds of FLH5 of another marsupial, short-tailed opossum (Monodelphis domestica), for which the genome is known.
From a tblastn analysis with the human SHCBP1L protein query on platypus WGS databases, we got some sequences with good homology, and primers were designed to perform a PCR. The fragment encodes for a partial SHCBP1L (454AA), which lacks 54AA on C-ter side compared with others and 25-218AA according to the isoform identified in humans (Sood et al. 2001 ).
Partial Platypus Cyclin B3 Gene Cloning
The introns of platypus cyclin B3 gene were isolated by PCR using high-molecular-weight genomic DNA. The primers were designed from the cDNA sequence. The PCR products were gel purified and sequenced. Resulting sequences were assembled.
Chromosome Walking on Chicken Genomic DNA The same protocol was used for chicken to clone the entire cyclin B3 gene. The primers were designed from the cDNA sequence published (X75757; Gallant and Nigg 1994) . After assembling the different parts of cyclin B3 gene and to find DNA sequences adjacent with a potentially known chromosomic location, we used the GenomeWalker universal kit (Clontech). This PCR-based method permits walking on genomic DNA around a known gene. According to the protocol of the manufacturer, separate aliquots of high-molecularweight genomic DNA (Novagen) were digested with the four restriction enzymes to get the chicken genomic libraries.
For the two rounds of PCR on these libraries using Advantage 2 polymerase mix (Clontech), we designed primers chosen upstream of ATG and downstream of STOP sequences:
Gal up: 5 0 -AGC CAG GAG CAC TGC TCA AAG AGG GCT CAG AGC-3 0 . Gal up nested: 5 0 -CAA TCC CTC AAT CCA TCC CCT CCT TCC CTC CAA-3 0 . Gal down: 5 0 -ATG ATG AAG CTG GAG GAG AAG TTG AAA AGC TAG-3 0 . Gal down nested: 5 0 -TAG CCT GTA AAT AGC CGG GGG GGA GCA CTG TGT ACA-3 0 .
Vector Constructions
Partial or complete coding sequences of the different cyclin B3 orthologs and isoforms were amplified by PCR, with primers containing restriction sites necessary for sub-cloning into pGBKT7 bait vector. The coding sequences of preys we wanted to test were sub-cloned into Pgadt7 prey vector (Cdk5, FLH5, GMCL1, SHCBP1L, and IPO5) using the same method. Human IPO5 coding sequence was sub-cloned into pGEX4T3 (a generous gift of N.R. Yaseen-Fontoura) and human GMCL1 into pGEX4T3. All constructs were confirmed by sequencing.
Yeast Two-Hybrid Screening and Tests
A commercial human testis MATCHMAKER cDNA library (mRNA from whole testes pooled from 19 Caucasians, aged 17-61 years, died from trauma), cloned into pACT vector (Clontech), was used. It contains 3.5 Â 10 6 independent clones with an average size of 2 kb. The different parts of human cyclin B3 cloned into pGBKT7, in frame with GAL4-binding domain, were used as baits in the yeast two-hybrid system according to the manufacturer's instructions and as described previously (Lozano et al. 2010) . Positive clones were then processed for sequence analysis and identified using the BLAST algorithm.
The same two-hybrid system was used to check interactions of the different cyclin B3 orthologs and Ex8ÁCt with full-length prey proteins or nonplacental mammal ortholog preys.
In Vitro Binding Assays
Human Cdk5 and cyclin B3 were translated in reticulocyte lysates as 35 S-labeled, epitope-tagged, proteins with the T7 TNT-coupled transcription-translation system (Promega), from pGADT7-Cdk5 (HA epitope) and pGBKT7-cyclin B3 (c-Myc epitope) expression constructs, following the manufacturer's instructions. After incubation for 1 h at 30 , followed by 1 h at 0 for cotranslations, the samples were diluted with 400 l of TBS-T (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20, and protease inhibitors) and processed for immunoprecipitation with antibodies against c-myc or HA (Clontech). The immunoprecipitated proteins were detected by autoradiography of the dried sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels.
Soluble GST, GST-SHCBP1L, and GST-IPO5 fusion proteins expressed in Escherichia coli were purified and immobilized on glutathione-Sepharose beads as instructed by the manufacturer (GE Healthcare). These beads were washed five times with TBS-T.
Human cyclin B3 was in vitro-translated and labeled with 35 S-Met from the expression plasmid pGBKT7 by using a TNT translation kit (Promega), and 10 l of the lysate was incubated in phosphate buffered saline buffer with GST alone or GST fusions 1 h at room temperature. Beads were washed four times with the same buffer, and bound proteins were analyzed by SDS-PAGE and processed for autoradiography. (Larkin et al. 2007 ), identical and similar AA were shaded with the BioEdit software (Hall 1999) , and phylogenetic analysis and tree drawing were performed with Mega 4 (Tamura et al. 2007 ). Transposable elements were searched with RepeatMasker (A.F.A. Smit, R. Hubley, and P. Green RepeatMasker at http://repeatmasker.org) using the GIRI Repbase (Kohany et al. 2006 ; http://www.girinst.org). For analysis of the extension, disordered zones were detected with GlobPlot (Linding et al. 2003 ; http://globplot.embl.de) or TOP-IDP (Campen et al. 2008 ; http://www.disprot.org/dev/ disindex.php), coiled coils with Coils (Lupas et al. 1991 ; http://www.ch.embnet.org/software/COILS), and repetitive sequences with Trust (Szklarczyk and Heringa 2004;  http://www.ibi.vu.nl/programs/trustwww/). The Gepard software was used for dot matrix analysis (Krumsiek et al. 2007 ; http://www.helmholtz-muenchen.de/en/mips/services/ analysis-tools/gepard/) and WebLogo for calculation and visualization of consensus sequences (Crooks et al. 2004 ; http://weblogo.berkeley.edu/). Amino acid composition was analyzed with Composition Profiler (Vacic et al. 2007 ; http:// www.cprofiler.org).
Sequences Analysis
Results
Cyclin B3 Appearance at the Unicellular-Metazoan Transition A single ortholog of the cyclin B3 gene is identified in most metazoan sequenced genomes, including the earliest branching groups as sponges, placozoan, and cnidarians, but not in those of unicellulars and fungi. The single exception is the annotation in the mold Neurospora crassa of a coding sequence "related to cyclin B3." This led us to check genomic databases for the earliest evidences of the cyclin B3 gene. Different metazoan cyclin B3 amino acid sequences were used to search for similar coding genomic sequences, using NCBI tblastn, in the choanoflagellate Monosiga brevicollis genome, considered as the closest known relative of metazoans (King et al. 2008) . Similarities were repeatedly found at three genomic locations on scaffolds 3, 9, and 11, annotated as coding sequences related to cyclins A, F, and B, respectively. Cyclins F have a typical cyclin box sequence but also a specific F box and regulate ubiquitin ligases, involved in protein degradation, instead of protein kinases, and are now designated as SCF (Skp1-Cul1-F-box protein; D' Angiolella et al. 2010) . A similar search on the genome of N. crassa revealed similarities at two genomic locations, annotated as coding for proteins related to cyclin B and B3. Comparison of the amino acid sequences, in the highly conserved cyclin box region, of these proteins with their metazoan counterparts (in sponge, placozoan, cnidarian, and sea urchin) confirmed the homologies for the three Monosiga cyclins, but the Neurospora cyclins were found to be close relatives to each other, with similarities with other B type cyclins but not B3 ones ( fig. 1 ). In addition, this comparison of sequences and intron positions supports a closer relationship of cyclin B3 with cyclin B than cyclin A (supplementary material fig. S1 , Supplementary Material online). It cannot be excluded that the cyclin B3 gene was missed in Monosiga genome sequencing, but the present data suggest that cyclin B3 appeared, by duplication of the cyclin B gene, in the earliest metazoan ancestor.
Intron-Exon Structure of the Cyclin B3 Gene Genomic databases were searched to check the variability of the cyclin B3 gene, with a particular attention to exon length and thus intron-exon structure. The coding length of the gene is about 1,300 nt, corresponding to proteins of 440 amino acids and 50,000 Da. The cyclin B3 of the nematode worm Caenorhabditis is among the smallest with 382 amino acids for 44,425 Da, whereas that of Drosophila is one of the largest with 497 amino acids for 56,310 Da, thus the size change in mammals has no equivalent in other lineages. There are typically ten coding exons in invertebrates and one more in vertebrates. The 5 0 UTR of transcripts are also encoded by several exons, four in human, but their exact number is not known in most species. The human gene exon numbering will be used as a reference, with translation beginning in exon 5. As shown in figure 2, there is strong evidence for an ancient origin of most introns, since their number and positions are almost the same in sponges, placozoan, and human. For instance, there is an intron after the destruction box coding sequence, at the end of exon 6, or after conserved amino acid sequences characteristic of the end of exons 9 and 14. Another indication is the good conservation of intron frames, as frame 2 introns found between exons 7 and 8 as well as 14 and 15. There is even evidence of introns predating the divergence of cyclins A and B, such as those surrounding the cyclin box, between exons 9 and 10 and 13 and 14 (supplementary material fig. S1 , Supplementary Material online). This panel of species, representative of the mains metazoans phylogenetic lineages, shows numerous probable intron losses and few intron gains. One intron gain is specific to the chordate lineage, as will be analyzed later, the other three are genus specific: one in the leech Helobdella and two in Caenorhabditis. Presumed ancestral introns are missing in 5 of the 11 species of figure 2, up to 7 in Caenorhabditis and complete loss in Drosophila (sequence in fig. S2 ). There is no evidence of gain or loss specific to the protostomian lineage, since the gastropod Lottia gene has the complete set of introns and, in the ecdysozoan lineage, only three are missing in the crustacean Daphnia gene. In the deuterostomian lineage, the ancestral intron pattern is retained, with the exceptions of urochordates, the ascidian Ciona ( fig. S2 ), and the appendicularian Oikopleura (not shown), whose cyclin B3 genes have several missing or misplaced introns. All vertebrate cyclin B3 genes have the same intron-exon structure, but in mammals exon 8 is hugely extended and an additional intron is inserted in it in mouse and rat, as will be analyzed later.
Intron Gain in the Chordate Lineage
There is evidence for the acquisition of a new intron, separating exons 10 and 11, at the invertebrate-vertebrate transition. It is inserted in the cyclin box coding region, where amino acid conservation is strong, as shown in figure 3A , in all available vertebrate sequences. Curiously, there is also an intron in this area in the four prochordates for which data are available, but 6 nt before the chordate position. This raises the question of the chronology of apparition of this intron. It could have been acquired independently in prochordates and in chordates, but recent data on deuterostome phylogeny (Putnam et al. 2008) do not support the existence of an ancestor common to amphioxus and tunicates but not to vertebrates. Thus, the intron gained in prochordates should have been lost, and then reacquired at a 6-nt different position in chordates. Examination of the nucleotidic sequences ( fig. 3B ) suggests a more probable hypothesis. The intron may have been acquired, between E and V codons, in the prochordatechordate ancestor by tandem genomic duplication using the AGGT site. It would have been displaced later between Q and E codons in the chordate lineage, by 3 0 -extension, using the Q codon cryptic splice signal, and exonization of the first 6 intron nucleotides under a strong evolutionary constraint to maintain the coding for VQ in transcripts. Remnants of a retrotransposon are detected, by the RepeatMasker software, in the amphioxus intron sequence but not in other prochordates or nonmammalian vertebrates ones, whereas in mammals the size of this intron reaches tens of thousands of nucleotides, with the incorporations of numerous transposable elements and repeats (86% of the 28,252 nt in human). So it is probable that this amphioxus-specific non-LTR retrotransposon, CR1-1_BF (Kapitonov and Jurka 2009) , is not the origin of the intron but was inserted later, as in the case of mammals.
Intron Gain in Murids
The presence of a small intron of about 100 nt, cutting exon 8, only in mouse and rat was intriguing. It was not found in the closer relatives rodents, as squirrel Spermophilus, kangaroo rat Dipodomys, guinea pig Cavia, or rabbits as Ochotona. Thus, it is a recent acquisition, with intriguing features which open the possibility that it results from a newly described mechanism, the intronization of an internal exonic sequence (Irimia et al. 2008) . It supposes that point mutations in an exonic 4A ) is compatible with this hypothesis but not conclusive, since conservation is poor in exon 8-coded sequences, and murid cyclin B3 is highly divergent from those of other mammals. However, Clustal alignment of mouse and human nucleotide sequences favors the intronization hypothesis, with alignment of the intron sequence with an exonic sequence of fairly similar length in human, as shown in figure 4B . The postintron mouse nucleotidic sequence also aligns better with the coding sequence starting at amino acid 266 codon, than with that at amino acid 228 codon as would be expected in an intron insertion hypothesis. The analysis of other mammalian species shows a level of variability in this region which precludes a definitive conclusion, but the postintron mouse and rat nucleotidic sequences were repeatedly found to fit better with the coding sequence starting at the equivalent of amino acid 266 than 228, which supports the intronization hypothesis (results not shown).
The Cyclin B3 Gene Was Relocated from an Autosome to X Chromosome During Vertebrate Evolution
The cyclin B3 gene is located on the short arm of the X chromosome in man (Xp 11.2; Lozano et al. 2002) and in other placental mammals. At the beginning of this work, the chromosomal location of cyclin B3 was unknown in nonplacental mammals, as well as in chicken. The interest raised by the origin of mammals' sex chromosomes led us to give it further investigation. In chicken we looked for cyclin B3 gene on genomic DNA, by PCR with primers deduced from the cDNA sequence. The complete sequence of cyclin B3 gene was obtained, and then extended in both directions, by chromosome walking, until a sequence with a known chromosomal location was found (last exon of diacylglycerol kinase kappa). This showed us that cyclin B3 gene was located on chicken chromosome 4 (accession number AM691545).
In marsupials, we cloned a complete cyclin B3 cDNA from T. vulpecula (silver-gray brushtail possum) testis (AM262813) and intron-exon boundaries on genomic DNA, but attempts of chromosomal location were unsuccessful. In M. domestica (short-tailed opossum), we identified most of the cyclin B3 gene from unannotated genomic DNA sequences and reconstituted the cDNA sequence from contig AAFR03062587 (BN00957 and BN00958). This allowed mapping by fluorescent in situ hybridization (FISH) to proximal Xq with two separate bacterial artificial chromosomes (BACs; results not shown). This localization was confirmed in the second version of the genome assembly (Mikkelsen et al. 2007 ). , chicken (Gallus gallus), sea urchin (Strongylocentrotus purpuratus), leech annelid (Helobdella robusta), gastropod mollusc (Lottia gigantea), honeybee insect (Apis mellifica), crustacean (Daphnia pulex), nematode worm (Caenorhabditis elegans), cnidarian (Hydra magnipapillata), placozoan (Trichoplax adhaerens), and sponge (Amphimedon queenslandica). * indicate species in which intron-exon structure is deduced from a predicted mRNA not, or only partially, validated by ESTs. Exon numbering corresponds to the human gene but only the translated part is shown, thus beginning in exon 5. Exons (boxes) are drawn to scale, but not introns (connecting lines). The extralength of exon 8 corresponding to the mammalian-specific extension is shown on top of the human gene (vertical bar filled box). The presence of recognizable amino acid sequences specific for the end of exon 6 (destruction box), 9, and 14, is indicated by horizontal or oblique bar filling. Frame 1 introns (inserted between the first and second nucleotide of a codon) are indicated by a triangle and frame 2 (between second and third nucleotide) by a star. The position of the cyclin box coding region (Gallant and Nigg 1994 ) is indicated by a dotted line box. Probable losses of ancestral introns are indicated by arrowheads and acquisition of new introns by filled arrowheads. References: Homo NM_033031.2, Gallus AM691545/NM_205239.1, Strongylocentrotus XM_790812.2, Helobdella jgijHelro1j186157, Lottia jgijLotgi1j236425, Apis XM_397108.3, Daphnia jgijDappu1j210441, Caenorhabditis NM_001028941.2, Hydra XM_002160410.1, Trichoplax jgijTriad1j56083, and Amphimedon XM_003385615.1.
In the monotreme platypus (Ornithorhynchus anatinus), we cloned the complete cyclin B3 mRNA (AM262748) and most of the genomic sequence (exons 3-15, AM262812). Part of this sequence was missed during platypus genome sequencing published later (Warren et al. 2008) , and the chromosomal location of ultracontig 315, containing the cyclin B3 gene, was initially not known. Further BACs FISH mapping revealed that this ultracontig is located on chromosome 6q (Veyrunes et al. 2008) .
These results support the recent view that therian X originates from chicken chromosome 4 p and corresponds to platypus chromosome 6 (Veyrunes et al. 2008) . Database analysis also showed that the synteny of genes surrounding CB3 are informative on the chromosomal rearrangements, which occurred during these crucial steps of mammal X genesis (supplementary fig. S3 , Supplementary Material online). This synteny study brought the accessory discovery of the peculiar evolution of the two closer genes to cyclin B3. The gene adjacent to the 3 0 -end of cyclin B3, in chicken, zebra finch, and lizard, codes for a protein characterized by two galactose-binding domains (here called GBP), which is affiliated to, but distinct of the C21orf63 gene, an heparin-binding protein expressed in epithelia (Mitsunaga et al. 2009) , which is present on another chromosome in all species. Since no trace of an homolog of GBP could be found in marsupial and placental mammals, this isozyme was probably lost at the beginning of mammalian evolution. The gene adjacent to the 5 0 -end of cyclin B3 is the kappa isozyme of diacylglycerol kinase (DGKK), which, in human, has a specific enlargement of the N-terminal exon, of intriguing structure and unknown role (Imai et al. 2005) . These features are absent from nonmammalian DGKK, where the first exon is very similar to that of the eta isozyme (DGKH), located on a different chromosome. Comparison of amino acid sequences of DGKK and DGKH first four exons, in fish, amphibian, lizard, and birds, reveals a close similarity, suggesting an origin by duplication of an ancestral gene, with little later evolution (supplementary fig. S3B and C, Supplementary Material online). This is also true in platypus and opossum, whereas all available data on placental mammals yield indications of enlargement fig. 2 and Mus NM_183015.3, Equus NC_009175.2/AM283100, Canis NM_001005763.1, Monodelphis BN000957, Xenopus ENSXETG00000022597, Danio NM_001076719.1, Oryzias ENSORLT00000010667, Tetraodon ENSTNIT00000022034, Callorhynchus AAVX01309902.1, Ciona i. XM_002126398.1, Ciona s. ENSCSAVT00000005408, Oikopleura GSOIDG00008944001, and Branchiostoma jgijBrafl1j248144.
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Evolution of Cyclin B3 . doi:10.1093/molbev/mss189 MBE of the first exon by repetitions, as in human. This is a striking parallel with the evolution of exon 8 in the neighbor cyclin B3 gene.
The Large Exon 8 of Placental Mammals Has Unusual Features
Exon 8 is characterized by the ancestral frame 2 intron, which separates it from exon 7 in all vertebrates and several invertebrates. However, its amino acid-encoded sequence is variable from eight amino acids in leech to 39 in Xenopus and shows no conserved amino acid motif (supplementary fig. S2 , Supplementary Material online). An abrupt change must have occurred during the emergence of mammals, where the size of this exon is always between 2,400 and 3,000 nt. Since this change must have significant functional changes, we investigated the apparition and characteristics of this extension.
Our cloning of cyclin B3 cDNA in platypus, brushtail possum, and genomic sequences of the short-tailed opossum confirmed the absence of the extension in nonplacental mammals exon 8 (which encodes for 44 amino acids in platypus, 52 in possum, and 64 in opossum; supplementary fig. S2 , Supplementary Material online), whereas it is present in the early divergent groups of xenarthrans, with more than 855 amino acids encoded in exon 8 of the armadillo (Dasypus novemcinctus) (ENSDNOT00000013199 and our annotation BN00965) and afrotherians, with about 800 amino acids encoded in elephant exon 8 (ENSLAFT00000028769). Thus, the extension appeared after the divergence of placental from nonplacental mammals.
To get unambiguous sequence information, we cloned cyclin B3 messenger RNAs in mouse (AJ555464), dog (AJ833648), horse (AM283100), and pig (AM261212). The comparison of these sequences shows that exon 8 has, by far, the lowest sequence conservation (fig. 5 ). The analysis of exon 8-encoded sequences with structure prediction programs revealed no clear features, beside small patches of disordered structure or coiled coil, at different positions in the five species (see supplementary fig. S4A , Supplementary Material online). Actually, disorder analysis methods yield highly variables predictions for human exon 8, ranging from 3% of disordered zones with GlobProt (Linding et al. 2003) to 94% with TOP-IDP (Campen et al. 2008 ). However, it has a characteristic highly repetitive organization. This is apparent in dot matrix analysis, as shown in the graphical dotplot in figure 6A . It reveals a frequent periodicity of 18 amino acids. These repetitions are also recognized by internal repeat detection software as Trust (Szklarczyk and Heringa 2004) . In the human sequence, 24 repetitions of 36 amino acids were detected, 21 in pig, and 19 in dog. The consensus of these repetitions was highly similar, differing mostly by a shift of two or three amino acids. To get an average, the repeats from human and pig, which had the same alignment, were pooled. The resulting consensus is shown in figure 6B . It is clear that these 36 amino acid repeats are in fact doublets of 18 amino acid repeats, with an overall consensus of EESLFKEPLALQEKPTTE. This repeat is detected 48 times in the human exon 8-encoded sequence, whose length is 997 amino acids, which implies that it accounts for more than 80% of the sequence. Protein database searches revealed no other proteins with significantly similar repeats and not even a single occurrence of similarity superior at 61% with the 18-amino-acid sequence in any animal protein. Thus, the origin of this sequence is unclear, but there are hints that it may have appeared in noneutherian mammals' exon 8-encoded sequence, by unconstrained mutations, as it is there that the best alignment is found by ClustalX, in the three available cyclin B3 noneutherian mammals' whole sequences but not in other vertebrate sequences (supplementary fig. S2 , Supplementary Material online). The levels of similarity and identity are, respectively, 72% and 39% in opossum, 61% and 28% in possum and platypus, which do not allow for a definitive conclusion but still support the possibility. Curiously, in mouse and rat, exon 8 sequences show very few similarities with those of other mammals, including other rodents, such as squirrel and guinea pig, and repetitive structure is barely detectable in amino acid sequences as well as nucleotidic ones. This suggests the absence of strong evolutionary constraint on the amino acid sequence and three-dimensional structure of the protein product of exon 8. However, comparison of amino acid content, with the Composition Profiler software (Vacic et al. 2007 ), reveals that murid exon 8 has a fairly similar bias as that of other mammals (supplementary fig. S4B , Supplementary Material online), with an enrichment in disorder promoting residues (E, K, and S) and a depletion in order promoting residues (VWY; Dunker et al. 2001) , by comparison with the average of all proteins in the SwissProt database. Thus, the absence of structure and tendency to disorder seems the most specific feature of this extended exon 8. The repetition of ancestral amino acid sequence is probably at the origin of the unusually large size of the exon, through highfrequency duplications. Two examples of recent duplications are shown in figure 7. The first occurred during early primate evolution in the simiiforme lineage, after the divergence of the new world monkeys (Platyrrhini) since the marmoset Callithrix jacchus does not have it, as well as earlier primate divergent groups, as the tarsiiforme Tarsius syrichta and the lorisiforme Otolemur garnettii. It is present in Catarrhini from the rhesus monkey Macaca mulatta, an old world monkey (Cercopithecoidea), to man ( fig. 7A ) and all hominoidea for which sequences are available: gibbon (Nomascus leucogenys), orangutan (Pongo pygmaeus), gorilla (Gorilla gorilla), and chimpanzee (Pan troglodytes; results not shown). Just before this duplication site is another example of duplication ( fig.  7B ). There is an N-ter duplication of 28 amino acids, which occurred recently, in the hominoidea lineage, since it is present from the gibbon N. leucogenys to man, but not in the Cercopithecoidea rhesus monkey (M. mulatta). The C-ter duplication of 30-36 amino acids occurred earlier since it is present in Macaca as well as earlier primates (Callithrix, Tarsius, and Otolemur, results not shown).
Splice Variant Transcripts, Coding for Shorter Cyclin B3 Proteins, Are Found in Several Mammals
The existence of several splice variants isoforms has been reported for human cyclin B3 mRNA, three modifying the transcript 5 0 UTR part and two the coding sequence (Lozano et al. 2002) . These variants may be of important functional significance, especially isoform 1, which lacks exons 7-10, 
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Evolution of Cyclin B3 . doi:10.1093/molbev/mss189 MBE whose translation yields a protein without the insertion but with most of the cyclin box, thus having both extremities of nonmammalian cyclin B3 ( fig. 8 ). We looked for such variant transcripts in other species and found cases in mouse, dog, horse, and pig, as summarized in figure 8 . Curiously, in each case the modification of the splicing pattern is different. In mouse, the transcript is depleted of most of exon 8, through the use of the murid-specific intron, without modification of the reading frame, allowing normal translation of exons 9-15. Thus, this protein may function like a nonmammalian cyclin B3. In dog, a similar protein may be produced by the skipping of exon 8 and the use of an alternative 5 0 splice site at the end of exon 7 maintaining the right reading frame. However, in horse and pig, alternative splicing also skipped exon 8, totally in pig or partially in horse through the use of an alternative 5 0 splice site at the beginning of exon 8, but this resulted in a shift of the reading frame, interrupting translation at the beginning of exon 9, as in human isoform 2. Such transcripts with a premature termination codon may be targeted for nonsense-mediated decay (Chang et al. 2007) , making them less easily detectable. Thus, there seems to be no conservation of an alternative splicing pattern providing, in each species, cyclin proteins without extended exon 8, but with a functional cyclin box, as in mouse.
The Mammalian-Specific Extension of Cyclin B3 Exon 8 Allows New Protein Interactions
The yeast two-hybrid system was used to search for proteins interacting with the part of the cyclin B3 protein encoded by the extended exon 8. A human testis cDNA library was screened with complete or truncated human cyclin B3 as baits. The "Ex5-8ÁCt" bait coded for amino acids 1-801, corresponding to exons 5-7 and 70% of exon 8, and "Ex8ÁCt" to 70% of exon 8 only (amino acids 112-801). The deletion of the C-terminal part of exon 8, which contains the two large repeated sequences, was required since baits truncated at the end of exon 8 were found to be transactivators in our screening conditions. As shown in table 1, 11 interactions were identified: 3 with the complete cyclin B3, 5 with the cyclin box-deleted bait, and 3 with exon 8 alone. Only one was a Cdk, Cdk5, which is not the regular cyclin B3 partner but has already been found to interact with it in an echinoderm two-hybrid screen (Lozano et al. 2010) . Only two of the other preys were related (PPP2R5A and PPP2R5E), these protein phosphatase 2 A regulatory subunit isoforms sharing 84% identity and 98% similarity. Four preys are known to be highly expressed in testis: activator of cAMP-responsive element modulator (CREM) in testis (ACT), GMCL1, Ran-binding protein 5 (RanBP5), and Chromosome 1 open reading frame 14 (C1orf14). Six are not specially expressed in testis. They belong to unrelated functional families but are known to associate in multiprotein complexes through special structures, as alpha-alpha superhelix ARM repeats, in phospholipaseactivating protein (PLAA) and the two protein phosphatase regulatory subunits (PP2R5A and E), or seven-bladed beta propeller fold WD40 in RACK1. EIF3D is a subunit of a large multiprotein scaffold, binding to the 40 S ribosomal subunit but the cyclin B3 interacting clone corresponds only to the 12% C-terminal part, with a peculiar Glu-rich coiled coil structure.
The ability of the extended exon 8-encoded polypeptide to interact with full open reading frame (ORF) prey proteins was further checked in the yeast two-hybrid system for Cdk5 and the four testis-specific proteins (Fig. S5A) . Six baits were used: the human complete sequence or only exon 8 or splice variant isoform 1 (lacking exons 7-9), the mouse splice The duplication is present in man (Homo_s) and rhesus monkey Macaca mulatta (Maca_m) but not in marmoset Callithrix jacchus (Call_j), tarsier Tarsius syrichta (Tars_s) and the galago Otolemur garnettii (Otol_g). (B) Indication of the duplication of a sequence coding for 28 amino acids during later primate evolution and an earlier 30-36 amino acid duplication. The N-ter duplication is present in hominoidea from man (Homo_s) to gibbon Nomascus leucogenys (Noma_l) but not present in the Cercopithecoidea Macaca mulatta (Maca_m). The earlier C-ter duplication is present in all three species. Identical amino acids are shaded black, similar are shaded gray. Amino acid numbering is indicated for species whose complete cyclin B3 sequence is available. References: as in previous figures and Macaca XM_002808531.1, Callithrix XM_002763798.1, Tarsius ENSTSYT00000002261, Otolemur ENSOGAT00000003115, and Nomascus XM_003276862.1.
variant (with most of exon 8 skipped), and the complete cyclin B3 from two nonplacental mammals, possum, and platypus, which have a short exon 8. As expected, the interaction with human Cdk5 occurred only with baits containing the C-ter cyclin box, whatever the species. All other tested preys showed interaction only with baits containing the extended exon 8, alone or in complete cyclin B3 sequence. To further illustrate that extension of exon 8 in placental mammals brought new interaction abilities, three prey orthologs were sequenced in nonplacental mammals: FHL5 and GMCL1 in possum and SHCBP1L in platypus. These proteins were not able to interact with cyclin B3 of the same species, but did interact with extended exon 8 containing human baits. This heterologous interaction is not surprising since these proteins showed good sequence conservation with their human homologs (66% identity and 85% similarity for FHL5, 93% and 97% for GMCL1, and 83% and 95% for SHCBPL1). 
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Discussion
Our detailed search of early-branching metazoan genomic databases indicates that cyclin B3 was already present in sponges, placozoan, and cnidarians but not in their supposed closest ancestors, the unicellular choanoflagellate, Monosiga, and the mold, Neurospora, whereas cyclins A and B are of ancient eukaryotic origin (Srivastava et al. 2010) . Thus, cyclin B3 probably appeared by duplication of the cyclin B gene and may be added to the list of cell cycle genes, such as Cdk2 and cyclin E, which appeared in metazoans and allow new regulations (Srivastava et al. 2010) .
Genomic studies have revealed a significant conservation of intron positions from early-branching metazoan groups to man. This is clearly the case for the cyclin B3 gene whose intron positions and phases found in sponge and placozoan are still present in man. The significant loss of introns already noticed in Drosophila and Caenorhabditis (Putnam et al. 2007 ) is also visible in the cyclin B3 gene, with the loss of two-thirds of them in the nematode and total loss in the fly. The genomes of these species, as well as those of urochordates (Ciona and Oikopleura), are known to have underwent extensive rearrangements, for still unclear reasons, but among which was pressure for genome compaction (Edvardsen et al. 2004) . The presence of unmodified ancestral intron pattern in the gastropod Lottia or in the cephalochordate amphioxus indicates that gene structures in these divergent lineages are clearly not representative of basic phylogenetic evolution (Putnam et al. 2008) . However, available data are still too fragmental to exclude that the three losses of ancestral introns in the cyclin B3 gene of the crustacean Daphnia are not representative of evolution in the ecdysozoan lineage. In the extreme case of Drosophila, the total loss of introns, in all species of this genus, fits with the best supported hypothesis that intron losses result from recombination with an intronless cDNA of the gene (Coulombe-Huntington and Majewski 2007 ).
An incidental discovery of this study is the apparition of two new introns, one in chordates and the other in mouse and rat. This is interesting since intron gain is reported to be extremely rare in vertebrate evolution (Loh et al. 2008) , and the underlaying mechanisms are still debated (Roy and Gilbert 2006) . The first case is the intron separating exons 10 and 11, which is present in all known cyclin B3 genes from a cartilaginous fish to human, and in a nearby position in prochordates but in no invertebrate sequence. The most likely hypothesis for the origin of this intron is by tandem genomic duplication and use of cryptic splice signals (Zhuo et al. 2007) , but this event is too ancient to be further supported by remaining sequence similarity in the intron and flanking exons. The most favorable splice site is that of the prochordates' intron. So if this intron was only acquired once, it may have been at this site, and lately slid to the chordate position, by alternative splicing using the Q codon cryptic splice site. Nevertheless, the gain of this intron may have relied on very low probability circumstances, such as genome duplications, since the VEVQ coding sequence, with its associated cryptic splice signals, is frequent in invertebrates but there is no indication of sporadic intron occurrence. It is also surprising that the intron position was kept unchanged in all vertebrates for which data are available, despite the presence of cryptic splice signals, associated with several valine codons occurrences on the 5 0 -side and glutamic acid codons on the 3 0 -side. Intronization of exonic sequences has been recently described in Caenorhabditis (Irimia et al. 2008 ) and primates (Szczesniak et al. 2010) . This new mechanism of intron formation may be at the origin of the small intron inserted in mouse and rat exon 8, by deletion, in murid transcripts, of a previously coding sequence. The cryptic splice sites are not apparent in the other rodent sequences, but the intron creation is more ancient than in the case of Caenorhabditis, where it concerns species of the same genus. Another difference is that the murid intron has a stop codon and thus unspliced transcripts could not be translated, whereas both kinds of transcripts have been found in Caenorhabditis elegans. Thus, the deletion of the intronized exonic sequence is compulsory, but the removal of about 38 amino acids has probably no significant functional consequence, since the placental mammalian extended exon 8 has the lowest constraint for amino acid sequence conservation. This intron may rather be advantageous since, being of frame 0 instead of frame 2 for the previous intron, it allows the generation of a short alternative transcript, lacking most of extended exon 8, but allowing in frame translation of subsequent exons.
The study of cyclin B3 gene location at the transition between sauropsids and mammals revealed that it belongs to the autosomal group of genes at the origin of marsupial X chromosome. From the short arm of chicken chromosome 4, then platypus chromosome 6, they constitute the whole X chromosome in marsupials and finally the X conserved region of human X (Veyrunes et al. 2008) . Although not in close synteny with the cyclin B3 gene, this group contains the SOX3 gene, probable ancestor of the testis-determining gene SRY (Foster and Graves 1994) . Of all known human cyclin genes, only the cyclin B3 one is on the X chromosome, but in nontherian vertebrates, as well as invertebrates, in which chromosomal location is known, it is never located on a sex chromosome. So if its function in gametogenesis fits well with the observed excess of reproduction-related genes on human chromosome X (Saifi and Chandra 1999) , this specific localization was not favored in nonmammalian species. The localization on the X chromosome should, however, have had consequences on the evolution of the gene, such as more rapid selection in the hemizygous male (Graves 2006; Vicoso and Charlesworth 2006) . This may have favored the abrupt extension of cyclin B3 exon 8. It also implied new constraints on gene expression, notably a reduction due to absence of a second gene copy in males or its silencing in females. This may be especially important for cyclin B3, whose critical gene dosage has been demonstrated in Caenorhabditis (Tarailo-Graovac et al. 2010). Escape from X-inactivation is not rare, but the cyclin B3 gene was found to be mostly subjected to inactivation in L. Carrel experiments (expression in two of nine Xi hybrids; Carrel and Willard 2005) . Although the dosage compensation, by overexpression of X-linked genes, is currently debated (Xiong et al. 2010) , levels of gene expression are still reported to be higher in testis and brain than in other organs. So the change in localization must have resulted in a modest reduction of transcription, almost similar in both sexes. Another peculiarity of X-linked genes is their inactivation during male meiosis, called meiotic sex chromosome inactivation (MSCI; see Turner 2007 for review). In this process, transcription is inactivated through post-translational modifications of core histones and replacement with other highly modified histone variants, in unsynapsed chromatin, at the pachytene stage of meiosis. The X and Y chromosomes are further compartmentalized into a peripheral subdomain, the sex or X-Y body, until the end of the diplotene stage and, even after meiotic divisions, they remain mostly repressed as postmeiotic chromatin in spermatids. This is in accordance with the reported downregulation of cyclin B3 at the pachytene stage of mouse spermatogenesis (Nguyen et al. 2002) , whereas other A, B, and D type cyclin expressions continue until the spermatid stage (Wolgemuth and Roberts 2010) . In addition, experimental upregulation of cyclin B3 expression in transgenic mice leads to abnormal spermatogenesis (Refik-Rogers et al. 2006) . A significant number of X-linked genes, involved in male germline function, are reported to be at the origin of functional retrogenes on autosomes, thus insuring continuation of transcription during MSCI (Emerson et al. 2004) . However, this is not the case for cyclin B3, since the only retrogene found in human (LOC100131678) is largely incomplete, covering only 36% of C-ter ORF, and without continuous coding frame.
The most intriguing feature of cyclin B3 is the abrupt change in exon 8 size, at the divergence of placental from nonplacental mammals. The high conservation of the intronexon structure leaves no doubt that this change did not result from intron loss but from internal extension of the exon. The presence of a detectable repetitive amino acid sequence of 18 amino acids indicates a probable origin through multiple internal duplications. The part of cyclin B3 proteins encoded by exon 8 has the lowest amino acid conservation between species, which is indicative of a zone submitted to a very low pressure selection and thus allowing for duplications without functional consequences. There are no indications in databases that the basic amino acid motif is present in other proteins, which make improbable the transfer of a large exogenous sequence. The amplification may have rather started in the therian mammal ancestor gene, probably rapidly since the exon size is fairly similar in all actual species. There are good indications that accumulation of tandem repeats in a protein is frequently associated with acquisition of new functions (De Grassi and Ciccarelli 2009), but it is generally assumed to occur after gene duplication, which is improbable for cyclin B3 gene, which is always found as a single copy. There is no indication of repetitive tertiary structure in the exon 8-encoded amino acid sequence, in contrast with many well-studied protein repeats, such as zinc fingers, armadillo, and HEAT motifs (Andrade et al. 2001) . Thus, this part of the protein is probably intrinsically unstructured, which would fit with its fast evolution (Brown et al. 2011) , and accumulation of repeats (Simon and Hancock 2009; Tompa 2003) . It would also allow for new interactions since there are reports that the lack of rigid structure is important for protein-protein interaction (Tompa and Fuxreiter 2008) , notably for cell cycle proteins such as the p27 Cdk inhibitor (Galea et al. 2008 ). In the hypothesis of unconstrained repeat expansion, it is curious that the size of exon 8 is not very different in all mammalian cyclin B3 genes, between 2,400 and 3,000 nt, whereas there are recognizable duplications of several hundreds of nucleotides just in the primate lineage. This suggests the existence of a constraint preventing a size increase above 3,000 nt. The mechanisms allowing efficient splicing of very large exons are unknown, since most exons do not exceed 300 nt (Gudlaugsdottir et al. 2007 ) and this seems to be the upper limit for proper function of the regular splicing machinery when exon size was experimentally increased (Berget 1995) . However, databases indicate the existence of exons up to 10,000 nt in mammals (Gudlaugsdottir et al. 2007 ) and some well-studied proteins, as apolipoprotein B and Ki-67 antigen (Schluter et al. 1993) , have exons of 7,572 and 6,845 nt, respectively, which implies that splicing is still possible above 3,000 nt. Thus, the 3,000 nt limit for cyclin B3 exon 8 is probably due to a constraint on the function of the protein.
Alternative splicing is common, especially in genes with large exons, which are frequently skipped in mRNA variants. This is confirmed in this study for the cyclin B3 gene where short transcripts, lacking the totality or most of exon 8, were found in the four species investigated, but with different splicing patterns, producing or not premature translation termination. The alternative transcripts of horse and pig code for proteins without functional cyclin box, suggesting that there was no selection pressure to maintain the coexistence of protein products with and without the exon 8 extension in mammals. So the enlargement of exon 8 probably did not prevent the cyclin B3 protein functioning as in nonmammalians and, in contrast to what is observed in many other genes (Nilsen and Graveley 2010) , alternative transcripts may not even yield functionally significant proteins.
The search for new interaction brought to the cyclin B3 protein by the extension of exon 8, with the yeast two-hybrid system, identified different interacting proteins. One was the expected interaction of a Cdk with cyclin B3 cyclin box, but curiously it is not one of the physiological Cdk partners, Cdk1 or Cdk2, but the neuronal-specific Cdk5, not involved in cell cycle control (see Dhariwala and Rajadhyaksha 2008 for review) . Its physiological activators are proteins structurally similar to cyclins but without amino acid sequence homology, p35 and p39, or a typical cyclin, cyclin I (Brinkkoetter et al. 2009 ). It can also bind cyclins D and E, but without stimulation of its kinase activity, and, in a previous experiment, sea urchin Cdk5 was found to interact with starfish cyclin B3, in the two-hybrid system but not in vivo (Lozano et al. 2010) .
Six interacting proteins do not have a high probability to be cyclin B3 partners under physiological conditions, since 3867 Evolution of Cyclin B3 . doi:10.1093/molbev/mss189 MBE they are not known to be specially expressed in testis, and are rather indicative of the new ability of the extended exon 8 to bind specialized structures. One is a small fragment of a 40 S ribosomal subunit (see Hinnebusch 2006 for review), probably interacting through its Glu-rich coiled coil. RACK1 is a scaffold protein undergoing protein-protein interaction through its WD40 beta propeller fold (see Sklan et al. 2006 for review). KAT5/Tip60 is mostly incorporated in a stable nuclear complex of 20 proteins and can bind transiently many other proteins, but interaction with cyclin B3 has never been reported (see Sapountzi et al. 2006 for review) . PLAA is a phospholipase A2-activating protein, which modulates either response to inflammation (Zhang et al. 2008) or ubiquitin-mediated protein degradation through its ubiquitin-binding domain PUL (Fu et al. 2009 ). The serine/threonine protein phosphatase 2 A is a very abundant enzyme, with conserved catalytic and scaffold subunits able to associate with highly variable regulatory subunits (see Shi 2009 for review), but no interaction with cyclin B3 has been reported. Thus, the two-hybrid interaction is more probably indicative of an ability of extended exon 8 to bind the super helical structures common to PLAA and the B56 PP2A regulatory subunit.
For the four testis-specific proteins, there is also no conclusive indication of physiological interaction. RanBP5 is not known to mediate nuclear import of cyclins but rather histones and ribosomal proteins (Chou et al. 2010) , and additional two-hybrid checking do not show interaction with platypus and possum cyclin B3, despite the probable presence of functional nuclear localization signals. The interaction is limited to the exon 8 extension, which contains some unconventional nuclear localization signals (Tschop et al. 2006) , but RanBP5 has HEAT and ARM-type folds which may mediate an interaction similar to that of the phosphatases and phospholipase preys. FHL5/ACT was discovered as an activator of the sperm-specific transcription factor CREM which regulates the expression of various postmeiotic genes (Fimia et al. 1999) . It is nuclear but expressed in late spermatogenesis, in round and elongated spermatids, whereas cyclin B3 is not expressed after meiosis. The two-hybrid interaction may result from a protein-protein interaction with the four and a half repetitions of LIM domains, characterized by two adjacent zinc fingers, which were first identified in homeodomain transcription factor, and can mediate the formation of homo and heterocomplexes. Germ cell-less was discovered in Drosophila, as a gene required for germ line specification, before a close ortholog was found in mouse, with its highest expression during spermatogenesis. In both cases, the protein localizes to the nuclear envelope and deletion of the gene impairs fertility in male mice (Kimura et al. 2003) . It contains a BTZ/POZ domain, promoting protein-protein interactions, and may be a physiological partner of cyclin B3, although their maximal expressions during mouse spermatogenesis, at pachytene and diplotene, respectively, are not fully synchronous. Less is known on the last interacting protein, C1orf14, which has no known function but is strongly expressed in testis (Sood et al. 2001 ) and breast cancer (WO/2008/ 086799). It has 30% identity to mouse SHC-binding protein, which belongs to an evolutionary conserved family, recently found associated to central spindle in Drosophila during spermatocytes cytokinesis, where it can bind kinesin-like proteins, Rho family GTPase-activating proteins and carbohydrates, via its pectin lyase domain (Montembault et al. 2010) .
Further work will be needed to determine the physiological relevance of the new interactions detected, but it seems already clear that the expansion of exon 8 in placental mammals brought new possibilities of interaction to cyclin B3. A last point of interest is a probable oncogenic ability, since in a very recently published work, cyclin B3 abnormal expression was found to be associated with a new subtype of human bone sarcoma. In a recurrent paracentric inversion, the complete corepressor BCOR gene is fused to the C-terminal part of cyclin B3, starting with complete in frame exon 8 (thus lacking exon 6 destruction box), leading to a high level of expression of the chimeric protein (Pierron et al. 2012) . This is of special interest since only cyclin D and E gene amplification (Stamatakos et al. 2010) and virally modified cyclin A (Berasain et al. 1998 ) have been reported to be oncogenic triggers.
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